A dvances in medical and surgical care have significantly improved the outcomes for children born with single ventricle (SV) heart disease 1 ; however, postoperative mortality rates remain high and long-term outcomes poor. 2 Therefore, risk factors for adverse outcome in the SV population have been the subject of many investigations. Among these, innate risk factors, such as low birth weight, anatomy, preterm birth, genetic abnormalities, and associated noncardiac congenital anomalies, are well-established predictors for early mortality and transplantation. [3] [4] [5] [6] [7] [8] Recently, societal factors such as poverty, medical insurance, and maternal education have emerged as predictors of adverse outcomes in children with complex congenital heart disease (CHD) and may explain some of the difference in survival between children with similar clinical characteristics. 9 Specifically, low socioeconomic status (SES) in children with SV physiology has been associated with higher early mortality 6, 8 and lower quality of life 10 after surgery, and other studies have found similar associations in the larger CHD population. [11] [12] [13] [14] [15] [16] Nevertheless, existing studies examining SES have been limited by cross-sectional or case-control study designs, 14, 15 single center populations, 7, 9, 10, 14, 15 or limited outcome assessment. 6, 8 To date, there has been no in-depth exploration of the relationship of SES with post-Norwood outcomes in children with SV physiology. Insight into the relationship between SES and outcomes in these children may suggest additional strategies to improve health outcomes. Children with SV physiology require early medical and surgical interventions, frequent follow-up, and intensive parental involvement in both inpatient and outpatient settings. Low SES could limit access to high-quality care and postoperative follow-up programs, and the economic burden posed by frequent hospitalizations and surgeries may place children with low SES at particularly high risk of poor longerterm outcomes. 17 Indeed, qualitative studies of parents with CHD have shown that lower SES is associated with higher levels of financial stress, emotional drain, and caregiver burden. 18 Accordingly, the aim of this study was to examine the association of neighborhood SES with hospital length of stay and postoperative survival in children undergoing the Norwood procedure. In addition, we examine the relationship of SES with other clinical factors such as race and gestational age to understand how the effect of neighborhood SES varies by these factors.
Methods

Study Design
We used publicly available data from the SVR (Pediatric Heart Network Single Ventricle Reconstruction) trial. The data, analytic methods, and study materials will be made available to other researchers for purposes of reproducing the results or replicating the procedure. 19 Details of the trial design have been reported. 20 Briefly, 555 neonates with single right ventricle anomalies and systemic outflow tract obstruction were randomized to receive either a modified Blalock-Taussig shunt or a right ventricle-to-pulmonary artery shunt during the Norwood procedure. Enrollment occurred between May 2005 and July 2008 at 15 centers in the United States and Canada. The primary end point was death or cardiac transplantation at 1 year after randomization however, several additional outcomes were assessed including length of stay, complications, and additional interventions. The institutional review board or ethics committee of all institutions approved the trial, and all parents or legal guardians gave written informed consent before participation.
Patient Sample
Of the 555 neonates randomized in the trial, the overall analysis cohort included 549 children. Five subjects who did not undergo the Norwood procedure and 1 subject who withdrew from the trial within a week of randomization were excluded from the analyses. In addition, we excluded 14 children from Canada and 10 children with missing information on SES. The final sample included 525 patients.
Data Collection
Detailed information on patient demographics, birth characteristics, anatomy, medical history, perioperative characteristics, and postoperative hospital course were collected using standardized forms. Neighborhood SES was measured using a US census-based score previously developed by Diez Roux et al. 21 Briefly, the neighborhood SES score was derived from 6 measures related to wealth and income (log of the median household income, log of the median value of housing units, and the percentage of households receiving interest, dividend, or net rental income), education (among adults 25 years of age or older, the percentage who had completed high school and the percentage who had completed college), and occupation (the percentage of employed people 16 years of age or older in executive, managerial, or professional specialty occupations). Z-scores for each census block group were calculated for each variable, and the neighborhood summary score was calculated as the sum of the z-scores, with a higher score indicating higher neighborhood SES. We chose to examine neighborhood SES over family SES because the SES score is a more comprehensive measure than single measures of parental education or income and has been validated across several populations. Moreover, studies have shown that neighborhood SES is associated with health outcomes in patients with CHD, 6, 8, 14, [22] [23] [24] and others have suggested that neighborhood SES may predict health above and beyond individual SES. 25 We also compared our findings to another US Census-based indicator of neighborhood SES defined as neighborhood with at least 20% of individuals living below the federal poverty level.
Clinical Perspective
What Is New?
• This study provides the first in-depth exploration of the relationship of socioeconomic status with post-Norwood outcomes in children with single ventricle physiology.
• Patients in the highest neighborhood socioeconomic status tertile had a 38% lower risk of 1-year mortality or cardiac transplantation after Norwood compared with patients in the lowest tertile.
• This relationship was not explained by patient demographics, birth characteristics, or anatomy and was not limited to the first 30 days or postdischarge.
• There was no difference in Norwood length of stay by socioeconomic status.
What Are the Clinical Implications?
• Post-Norwood care should focus not only on operative management strategies but also socioeconomic and environmental factors, which may be equally important determinants of patient outcomes.
• Additional studies are needed to identify strategies for improving Norwood survival among low socioeconomic status patients and to reduce disparities in patient outcomes.
Outcome Measurement
We evaluated 3 outcomes including a composite outcome of mortality or transplantation within 30 days and 1 year of randomization and length of stay during Norwood hospitalization. Length of stay was only calculated in patients surviving the Norwood hospitalization (n=441).
Statistical Analyses
Descriptive characteristics were compared across SES score tertiles using v 2 tests for categorical variables and ANOVA or Kruskal-Wallis tests for continuous variables. To evaluate the relationship of neighborhood SES to 30-day and 1-year transplant-free mortality, we performed 2 sets of analyses, modeling SES first as a continuous and then as a categorical variable. In the first set of analyses, we modeled the hazard of mortality or cardiac transplantation relative to the mean SES score of 0 using proportional hazards regression restricted cubic spline models with 5 knots. 26, 27 This approach allows the log hazard ratio to vary nonlinearly with SES without requiring prespecification of the precise shape of the relationship. In analyses of SES as a categorical variable, we used v 2 tests, Kaplan-Meier curves, and Cox proportional hazards regression to compare unadjusted and adjusted transplantfree survival across SES tertiles at 30 days and 1 year. To evaluate whether the effect of neighborhood SES varied over the short (ie, first 30 days) and longer term (ie, >30 days to 1 year), we evaluated interactions between SES and time. We also estimated conditional hazard ratios for patients who survived to hospital discharge (n=441). Multivariable models sequentially adjusted for patient demographic and clinical characteristics to determine whether certain covariates could explain the relationship between neighborhood SES and transplant-free survival. For models evaluating 30-day and 1-year mortality or transplantation as well as the interaction between SES and time, we included only preoperative covariates (age at Norwood procedure, sex, race/ ethnicity, gestational age, birth weight, and diagnosis of hypoplastic left heart syndrome) in the risk adjustment. For the model evaluating 1-year survival among survivors to Norwood discharge, we added additional peri-and postoperative covariates (shunt type [right ventricle-to-pulmonaryartery shunt versus modified Blalock-Taussig shunt], receipt of extracorporeal membrane oxygenation, open sternum, and number of post-Norwood inpatient complications, World Health Organization z-score for weight-for-age at discharge, and tube feeding requirement at discharge) in order to determine whether hospital course and health status at discharge explained any differences in mortality or transplantation risk.
For length of stay, we modeled the relationship of neighborhood SES with log-transformed length of stay during the Norwood hospitalization using linear regression. Multivariable models again adjusted for preoperative patient demographics and clinical characteristics. Finally, we considered interactions of neighborhood SES with race and gestational age to determine whether the effect of SES varied by these characteristics. Missing data were minimal, with <1% of patients missing any covariate data. For all analyses, a 2-sided P value of <0.05 was considered statistically significant. All analyses were performed using SAS version 9.4 (SAS Institute, Cary, NC).
Results
Our sample included 525 infants undergoing the Norwood procedure. The SES score ranged from À11 to +18, with mean (by design) of 0 and SD of 5. Table 1 
Thirty-Day and 1-Year Mortality
As SES tertile increased, crude 30-day and 1-year mortality or transplantation decreased (Table 1) . There was no association between SES and outcome in the first 30 days (log-rank P=0.146) ( Figure 1A ). However, SES was associated with 1-year death or transplantation (log-rank P=0.023) ( Figure 1B (Figure 2A) .
When SES was examined as a continuous variable, the hazard of 1-year mortality or transplantation decreased steadily with increasing neighborhood SES (Figure 3) . The highest risk of death was observed in patients living in very low SES neighborhoods. For example, the hazard of death or transplant for a patient with an SES score of 2.5 (0.5 SD below the average) was 9% higher than that of a patient with average SES (score of 0). Analyses modeling SES as a continuous variable for 30-day mortality or transplantation are also provided in Figure 3 .
We hypothesized that SES may have a stronger association with transplant-free survival after a patient is discharged (ie, after %30 days) (Figure 1 ). To test this hypothesis, we evaluated the interaction between SES tertile and time (ie, first 30 days versus >30 days to 1 year) and calculated unadjusted and adjusted HRs for transplant-free survival up to 1 year among transplant-free survivors ( Table 2 ). The P value for the SES*time interaction was nonsignificant (P=0.80) and the HRs among survivors were nonsignificant, suggesting that the effect of SES on transplant-free survival did not vary with time.
Norwood Length of Stay
Median Norwood length of stay was similar across SES tertiles (Table 1 and Figure 4 ). There was also no significant difference in mean log-transformed length of stay across tertiles before or after adjustment for other patient characteristics ( Figure 2B ).
Interactions With Race and Gestational Age
The interaction of high SES with race was borderline significant for 1-year mortality (P=0.055). Among white patients, high SES patients had a significant survival advantage over low SES patients (HR 0.52 [95% CI, 0.32-0.83]). However, among black patients, there was no significant difference in mortality or transplantation in high SES patients relative to low SES patients (HR 1.44 [95% CI, 0.57-3.68]). All other interactions between SES with race or gestational age were not significant.
Discussion
Using a comprehensive measure of neighborhood SES, we found that high SES was associated with improved 1-year transplant-free survival after the Norwood procedure but was not associated with Norwood length of stay. These differences in transplant-free survival between the highest versus lowest SES tertiles persisted after adjustment for patient demographics, birth characteristics, and anatomy. The relationship between neighborhood SES and 1-year mortality or transplant appeared to be largely linear with the lowest rate of mortality or transplantation observed in patients with the highest SES. Although the current article provides the most extensive evaluation of the role of SES in infants undergoing the Norwood procedure, prior studies have reported a similar relationship between SES and mortality. Tweddell et al evaluated the role of neighborhood SES as one of the preoperative risk factors for 1-year death and found that lower SES was associated with higher early mortality within the first year but not late phase mortality over 3 years. 5 In contrast,
Ghanayem et al used a census-based neighborhood poverty level and found an inverted U-shaped relationship between poverty level and interstage mortality. 8 Like prior studies, we found that higher SES was associated with improved 1-year transplant-free survival after the Norwood procedure, an effect that was not explained by patient demographic, birth characteristics, or anatomy. Our findings extend those of prior studies by evaluating the effect of SES as a continuous variable at different follow-up time points while adjusting sequentially for patient demographics, birth characteristics, and anatomy to determine whether any set of variables might explain the effect of SES.
There are several possible explanations for the differences in mortality observed in patients with high versus low neighborhood SES. Because infants with SV physiology require early and continued surgical and medical interventions, access to high-quality specialty care and follow-up would be expected to improve the likelihood of survival. Infants living in low SES communities, who are also more likely to have low family SES, may experience more barriers to accessing these services or obtaining necessary follow-up. Although there are limited data on the impact of low SES on healthcare access in children with CHD, data from general pediatric populations suggest that children of families with low income or education have significantly more barriers to accessing primary care. [28] [29] [30] Low SES may be associated with inability to purchase needed healthcare services, lack of insurance leading to greater use of emergency departments for medical care, or reduced likelihood of seeking help for symptoms of illness because of poor education. 24 Accessing the frequent follow-up appointments and cardiac rehabilitation required by these children may be particularly difficult for low SES families living far from the primary treatment center relative to families with low SES who live closer and to families with higher SES. Unfortunately, the SVR public use data set does not include precalculated distance of a family's residence from treatment center, limiting our ability to analyze the influence of this factor on outcomes. Additionally, families living in low SES neighborhoods may have less community social support, greater job-related stress or unstable employment, and less access to health insurance, paid vacations, or sick days, making it difficult for parents to advocate on behalf of their child. 25, [31] [32] [33] Outside of factors affecting healthcare access, lower quality nutrition and environmental exposures may explain part of the relationship between low SES and higher mortality in children with chronic conditions. Prior studies have reported higher rates of prematurity, low birth weight, and birth-related complications in mothers living in poverty. 34, 35 Although we adjusted for gestational age and birth weight, we did not adjust for other birth defects or comorbid conditions, which may have further attenuated the relationship between SES and outcomes. Additionally, children living in low SES areas have higher rates of respiratory illnesses, 36, 37 irondeficiency anemia, 38 and hospital admissions, 39 which may reflect inadequate nutrition or poor living conditions. 40 Indeed, Burch et al showed that higher neighborhood SES was associated with a greater weight gain from Norwood to Stage II procedure. 23 The association of SES with transplant-free survival was not statistically significant when the analyses were limited to 30-day mortality or to 1-year mortality among hospital transplant-free survivors. In addition, the interaction analysis suggested no differential effect of SES before and after 30 days. Compared to the overall 1-year outcome, however, these analyses had lower statistical power. Of note, the effect of SES on mortality may be greatest in the first 30 days as evidenced by a HR of 0.51 for the highest versus lowest SES tertile, in contrast to the HR of nearly 1 for highest versus lowest SES tertile among 1-year transplant-free survivors. These disparities in early 30-day outcome may be attributable to differences between hospitals or surgeon quality, in utero exposures, or coexisting congenital anomalies.
We found that the effect of race modifies the role of neighborhood SES on mortality. This observation has been observed in older populations of cardiac patients and has been attributed to the diminishing returns hypothesis. 41 This theory, proposed by Farmer and Ferraro, hypothesizes that blacks do not receive the same health benefits as whites with increasing SES. 42 Indeed, we found that white patients living in the highest SES neighborhood had a significant survival advantage relative to white patients living in low SES areas. The same was not true for black patients. Several theories have been proposed to explain this phenomenon including lower social support for black patients living in wealthier, commonly white, neighborhoods and greater racial discrimination in high SES neighborhoods. 43, 44 Our study has important implications for efforts to understand and eliminate socioeconomic disparities in pediatric cardiac outcomes. Given the strong, inverse relationship between neighborhood SES and mortality after the Norwood procedure, postoperative care should focus not only on operative management strategies but also socioeconomic and environmental factors, which may be equally important determinants of patient outcomes. To date, nearly all studies aimed at improving outcomes in children with CHD have focused on screening or operative management. Few studies have examined other strategies such as feeding protocols, parental empowerment, or financial support programs. [45] [46] [47] There is a clear need for such studies, particularly after discharge, to globally improve the quality of care delivered and reduce disparities in patient outcomes.
This study has its limitations. First, we had limited power to detect subtle differences in outcomes or interactions between SES and other variables, including time. Second, the data used in this study antedate the widespread use of interstage monitoring programs for home monitoring and facilitating communication between families and providers. While it is possible that the association of SES with outcomes may be somewhat diminished in a contemporary cohort due to home monitoring programs, there are many factors not addressed by these programs such as community social support, financial stress, living conditions, or parental accessibility that likely contribute to the poorer outcomes of children living in low SES neighborhoods. Therefore, the results are likely to be applicable to current populations of children with SV heart disease.
In summary, we found that infants with SV physiology from low SES neighborhoods are at significantly higher risk of death or transplant within the first year after the Norwood procedure. Although the effect was modest, it persisted after adjustment for patient characteristics. Norwood length of stay did not differ significantly by neighborhood SES. These findings highlight the need for additional research to better understand the relationship between neighborhood SES and outcomes in children with CHD and to identify new strategies to address these socioeconomic factors.
